PHYSICAL REVIEW B, VOLUME 65, 184206

Icosahedral quasicrystal Ak,Pd,;Mn g and its & approximant: Linear expansivity,
specific heat, magnetic susceptibility, electrical resistivity, and elastic constants
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Linear thermal expansivitye, 1-300 K), heat capacity€,, 1-108 K, magnetic susceptibilityy, 1-300
K), and electrical resistivityp, 1-300 K measurements are reported for a single-grafi ;;Pd;Mngyg qua-
sicrystal and its ALPdsMng3 approximant, and 300 K elastic constants for the quasicrystal. The approximant
a (app) andC, (Cyap) data show “metallic” behavior, while the previously reported onset of a transition to
a spin-glass stateT¢<1.8 K) dominatesxg andCpq below 11 K.C,5, andC,q superimpose above 16 K
when plotted v/ 0 using the experiment& o, ,= 455(3) K and an adjustedoa,o=480(4) K. The 300 K
elastic constants extrapolated Te=-0 give ®8'Q=505(1) K, suggesting that the normalization is valid only
above 16 K. The lattice contribution @G, (and, indirectly,C,o) shows strongunique deviations from
Debye-like behavio(+3% at 0.84 K for theCp,, data fi). The various Groeisen parameterd’) that are
calculated from these data all are positive and normal in magnitude except for a large limiting approximant
lattice vaIue,F'OE}{p: 11.3, which may be related to the large dispersion effec&,inFor the approximant, the
combination of anisotropic and large resistivities, a small diamagnetic susceptibility, and a “large” linear
(electronig contribution toCpap (yap=0.794 mJ/mol K) suggests the existence of a pseudogap in the elec-
tronic density of states. The unusually large, highly volume dependent, dispersion at low temperatures for the
quasicrystal and its approximant are not consistent with inelastic neutron scattering and other data, and raise
questions about the role of phonons in quasicrystals. The present 300 K resistivities can be used with a
published correlation to estimatg,~0.25 mJ/mol K.
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[. INTRODUCTION dependence that is characteristic of a metal, although with
electrical resistivities which are very much smaller than
Quasicrystals were discovered in the early 1980s in rapwould be expected, and which, often, have a nonmetallic
idly solidified binary alloys of Al and Mn, Cr, and FeAl-  temperature dependent® Optical reflectivity’ photoemis-
though fine details of the atomic structure are still unre-sion, and tunnelling spectroscdpdstudies confirm the inter-
solved, it appears that quasicrystals can possess long-rangeetation of these results in terms of a pseudogap in the den-
atomic order but without the usual crystalline requirement ofsity of stategDOS) which is centered about the Fermi
periodicity. The resulting symmetry groups, including face-energy. A paper by Zijlstra and Jans¥edoes not support
centered icosahedral as in this case, can show axes of crygrevious theoretical calculations which have suggested that
tallographically forbidden rotational symmetry. Although the the electronic DOS at the Fermi level should have a spiky
first quasicrystalline materials were metastable, reverting tatructure, which has not been found experimentally, although
crystalline systems when annealed, several other families dhe tunnelling results of Escudees al® show a single spiky
guasicrystals were subsequently discovered, which appear structure centered in the pseudogap.
be thermodynamically stableand which can consequently ~ The present heat capacitg ) and linear thermal expan-
be synthesized as large single grains via standard crystadivity (a) data were obtained using single-grain samples of
growth techniqued.The composition is typically written as an i-Al-Pd-Mn quasicrystal and its similar, but crystalline,
for an alloy (in this case Al;Pd1Mngg, or Al-Pd-Mn for  approximant. The following background discussion will be
shor), but in most cases one should think of quasicrystals asoncerned primarily with previous work reported fioAl-
compounds with a rather well-defined stoichiometry. A majorPd-Mn, much of which is complementary to research on
objective of much of the extensive research on quasicrystalsther, similar quality, quasicrystals.
is to determine in what manner their physical properties dif- Chernikovet al!! reportedC,, (0.06 to 18 K, ac (0.2 to
fer from those of normal crystalline or amorphous solids. In0.7 K), and static(2 to 300 K magnetic susceptibilityy),
one sense, these icosohedral quasicrystals are very similar éamd magnetizatiorfM) (1.9 to 10 K, to 50 kOg data for
amorphous solids, since they are elastically isotropic; their-Al;gMngPd. Subsequently, he and his collaborators have
elastic properties are described completely by single longitureported electrical conductivity and magnetoconductitfty,
dinal v, and (doubly degenerajetransversev; sound and thermal conductivity results for crystals of this concen-
velocities? In the low-temperature limit, the heat capacities tration. Lasjauniagt al!* also have published magnetic and
(Cp) of quasicrystals generally have the linear temperaturealorimetric results for single grain-Algg Pd; Mngs.
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Inabaet al® give C,, results from 1 to 350 K for a number to 300 K. The present measurements became feasible when
of quasicrystals, includingi-Al,;PdyMn;,. Chernikov large single-grain samples dfAl;Pd,;Mngg, as well as its

et al’® describeC,, (1.5 to 300 K and thermal conductivity ~Al7,PthsMng; &' approximant, became availabté? The

(0.4 to 80 K results for twoi-Al-Mn-Pd samples. W& low-temperature thermodynamic properties of Al-Pd-Mn
et al*” reportC,, results for polygrairi-Al;PthgMnyo (1.6 to  quasicrystals, but not the approximant, are complicated be-
18 K) and single grain-Algg MngPdy, 5 (12 to 300 K (and  low approximately 11 K by the onset of a transition to a
i-Al-Re-Pd and conclude that the loW-lattice C,, for Al- spin-glass state, which has been studied in some Hel4il
Pd-Mn from a previous analysisis appreciably greater than and which typically has been described in terms of cluster
would be expected from sound velocity measurem&has- formation prior to eventual spin freezing (< 1.8 K). Com-

ter a comparison with calculations from both thermal neutrorparableC, and « data for these closely related materials
time of flight'® and inelastic neutron scatterifiNS) (20,21 allow an estimate to be made of the non-spin-glass contribu-
results, they suggest that the large exd@sss nonacoustic tions to thei-Al-Pd-Mn thermodynamics. Other studtés®**

in origin. Recent coherent inelastic scattering of synchrotrorhave shown that tunnelling occurs in quasicrystal Al-Pd-Mn
radiation data foii-Al-Pd-Mn (Ref. 22 are consistent with at low temperatures. The enhanagd that often are associ-

the INS results. ated with the onset of tunnellif§unfortunately are masked
Both theC,, and neutron scattering results are related di-by the onset of the transition to a spin-glass state. _
rectly to sound velocities. FaE,,, the limiting value of the ~ The composition of the Al-Pd-Mn quasicrystalline state is

Debye temperatur@,, should correspond to that calculated not unique; for this reason, the compositions of the samples
from T=0 sound velocities using Debye theory, and for INS,have been given for the various experiments that were de-
the initial slopes of the dispersion relations should be equa$cribed above. To avoid inconsistencies in the present mea-
to the corresponding sound velocities. Amazit and his colsurements, thex and C,, data were taken using a common
laborators used precise sound velocity measurements g@&mple for each material, and the supporting datectrical
i-Algg Mng dPdy; ;1o confirm the elastic isotropy of this ma- resistivity (p), susceptibility(x), and, for the quasicrystal,
terial, and to demonstrate that the attenuation is anisoRUS elastic constantsvere from the same material.
tropic?® These measurements were extended to 4 K, and a
(nonlineay sound velocity pressure-dependence to 0.3 GPa
was measured at 300 ¥.Further dat4' complement those
of Vernieret al?® to show that tunnelling states exist in these  Single-grain quasicrystals ofAl-Pd-Mn and single crys-
crystals, in agreement with the conclusions from Ref. 13. Irtals of the closely related’ approximant phase were pro-
addition, these datd,although their relative magnitudes are duced by a self-flux technique, as described previotyn
quite normal, have the puzzling features that the pressurshort, the samples are obtained by slowly cooling the ternary
dependence of the sound velocities is nonlinear in pressun@elts of a composition that intersects the primary solidifica-
and is frequency dependent, suggesting relaxation phenontion surface of the desired phase in the equilibrium ternary
ena. Tanakat al*® have used the resonant ultrasodRiS,  alloy phase diagrarit*® The remaining melt is decanted be-
Ref. 27 technique to determine thésotropig sound veloci-  fore crossing any peritectics or eutectic solidification. The
ties from 4 to 1073 K of three Al-based icosahedral quasictechnique clearly reveals the growth habit, and results in re-
rystals, includingi-Al;Pd,4Mng. They give a tabular com- markably large and strain-free sampfé3he composition of
parison of their 290 K elastic constant and other results, anthe resulting approximant crystalsia, energy dispersive
present the temperature dependences graphically. A plot ofray spectroscopyis approximately Al,PdsMng3, with an
the ratio of the shear to the bulk modulus for quasicrystalestimated uncertainty of 1 at. %, consistent with the estab-
suggests a highly directional bonding which is more similarlished values. The composition of the icosahedral quasicrys-
to that for tetrahedrally bonded solids than for metals. Fitals is Al,Pd,;Mng, as measured by electron microprobe
nally, Amazitet al?® have used x rays and a diamond cell to analysis(EMPA), with an estimated error of approximately
determine the compression of powdeliedlgg Mng Pdy 7 0.5 at. % for each element.
to 40 GPa. The resulting bulk modulus and its pressure de- Magnetic measurements of the approximant phase were
pendence are consistent with those from the ultrasonigade from 1.8 to 350 K in an applied magnetic fiét) of
measurement¥, 10 kOe using a commercial superconducting quantum inter-
The only thermal-expansion data for Al-Pd-Mn are from ference device magnetometer.
X ray lattice paramete(a) determinations over a range of Bars for electrical resistivity measurements were cut from
temperature. Yokoyamet al?® measureca(T) from 300 to  well-formed samples using a wire sattypical bar dimen-
600 K in an investigation of the mechanical properties ofsions were 5 mm long wita 1 mmx1 mm cross section
i-Al;PdhoMnyo. Kupsch and Pauflé} reporteda(T) for  For the icosahedral phase, the bars had arbitrary orientations
i-Al7o P Mng from 15 to 300 K, while the data of Ka- with respect to the various high-symmetry directions because
jiyama et al! for i-Al,,Pd,gMng extended from 10 to 700 the resistivity tensor is believed to be isotropic in an icosa-
K. These three experiments are in essential agreement hmedral symmetry” indeed, no resistivity anisotropies were
overlapping ranges. observed for bars of different orientations. However, bars for
The primary objective of the present experiment was tathe approximant phase were cut either parallel or perpendicu-
obtain precise linear thermal expansivity)(data for a bulk lar to the pseudofivefold axig010]. Electrical contact was
single-grain icosohedral quasicrystal for temperatures from inade to the samples using Epotek H20E, with typical con-

Il. EXPERIMENTAL DETAILS
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tact resistances of 1. The resistivity was measured using :
a standard four-probe technique, with a bridge operating a=  -8.0F
16 Hz and a current density of approximately 0.1Afcm
Several samples of each phase were measured to improv ?
confidence in the absolute values of the resistivity. S -85
C, and « data were taken for a quasicrystal sample and 2 £ :
for a g approximant sample; these samples were from thei 1
same lots as those used for the magnetization and resistivit 3 9ol
measurements. The quasicrystal and approximant sample -1
were irregularly shaped, approximately 155 mm high,
with flat baseg8 mm maximum dimensignand masses of L ‘ ! ; ! ; e
6.09 g and 3.88 g, respectively. While the shape of the 99 o = = e 500
single-grain quasicrystal was similar to that described in Ref.
32, the approximant was roughly pyramidal, with sample
growth ocurring in the direction parallel to the10] axis as FIG. 1. The susceptibility of’ approximant Al-Pd-Mn for an
rather large(sub-mm cross sectigrcolumns that typically — applied field of 10 kOe oriented parallel {610]. The solid line
fill in to give a dense crystal. The approximantdata were represents a fit to the data, which is described in the text.
obtained for the sample oriented alof@L0]; we were un-
able to produce a suitable sample for measurements in tHer arises from impurity moments. The diamagnetic constant
plane perpendicular f010]. The formula atomic masses for term implies a very low density of states at the Fermi energy.
these two materials are 45.95 g and 47.74 g, respectively.
The a data were taken from 1 to 300 K using a differential B. Resistivity data
capacitance dilatometer that was calibrated using high-purity
copper’® The C, data were taken from 1 to 108 K using a
standard tray- type isothermal calorimeterThe room-
temperature elastic constants of an approximately 4>mm
sample of this quasicrystal were determined using the RU
techniqué®’ The room-temperature density of the RUS qua-
sicrystal, which is needed for the data analysis and was de : T T T T T
termined from its mass and dimensions (4.86 gi)cris con- 1750 | ‘ ‘ ‘
sistent with that reported previously (4.94 gfom? and is [
taken to be 4.90(4) g/chn

T(K)

The temperature dependences of the electrical resistivities
(p) of the icosahedral and th¢ phases are shown in Fig. 2.
The resistivity of the icosahedral phadeg. 2(@)] is typical

f many quasicrystalline systems, being at least superficially
imilar to that of a disordered alldy,with the pronounced

1700 |

Ill. EXPERIMENTAL RESULTS, DISCUSSION 1650

p (nQem)

A. Susceptibility data

1600
We have presented previously the susceptibility of the i

flux-grown i-Al-Pd-Mn phase’? Although these data can be i | | | | | S
characterized by an average magnetic moment of 1550 —————rtrm—mrtm bt
0.62(2) wg/Mn using our EMPA composition, we note that S L B B B

not all Mn sites are believed to be magnetic in this 312777 s ey
structure™* A better characterization is obtained by compar- 310 -t T —— - '“0‘10]

ing the low-temperaturg(low-T) Curie constant C~5 308 P ool ]
x107° emu/g) to that of Lasjaunias and co-work&tdn

that case, our measured Curie constant can be interpreted i €
a manganese concentration of 8.5—98%omewhat greater s ! ! ! ; ]
than the value obtained by elemental analy8i§%. L e st o R AR N +A1¢) Bt

The susceptibility of the approximant Al-Pd-Mn phase is 160 f--------bo-ooo--_ ]
shown in Fig. 1. In contrast to the icosahedral phase, the ; : : : : : ]
approximant phase is essentially diamagnetic with only a

L phase s etic N et DU U D DU P
few magnetic impurities. The data shown in Fig. 1 can be 0 50 100 150 200 250 300

p (uaom)

represented by the relation=C/T+ AT+ xq, with the pa- T
rameters C=3.218(60)<10 8 emuK/g, A=—7.4(2) )
X 10" emu/gK andy,=—9.15(5)x10"® emu/g; in this FIG. 2. The resistivities ofa) icosahedral Al-Pd-Mn andb)

relation, the smalAT term has no obvious physical signifi- approximant Al-Pd-Mn as a function of temperature. The sample
cance, and was introduced to improve the Curie-law fit. Theyrientation is arbitrary for the icosahedral phase, but is as noted for
very small Curie term(C) corresponds to approximately 1 the approximant phas@ote the split resistivity scale for the differ-
magnetic Mn out of every 60 000, indicating that this behav-ent orientations
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maximum in the resistivity due to weak localization with ®8=[(h/kB)3(3rN0/47er)(1/(1/v3))] (2a)
strong spin-orbit scatterirftf. The resistivity of the approxi-
mant phasdFig. 2(b)] is somewhat lower than that of the
icosahedral phase, and shows a much weaker temperatu
dependence, which, however, still is characterized by the e
fects of weak localization. While the resistivity for currents
(i) flowing perpendicular to thé-axis (i.L[010]) was rea- ={(h/kg)3(3rNo/4mV )33 2+ (v1/v)3]}} (2b)
sonably reproducible from sample to sample, that iffr
[010] showed a rather large variation. Testructure may
be extremely susceptible to defects introduced in the cutting
and polishing process that was used to prepare the resistivity
bars®® this certainly is not the case for the icosahedral phasewhereh is the Planck’s constankg the Boltzmann constant,
Despite the sample-to-sample variation, the resistivity folNy the Avogadro’s numbelper g mo), V., the molar volume
currents flowing in the pseudofivefold directif®l0] is con-  (m/gmol), r the number of atoms/unit cell, and the sound
sistently lower than that for currents flowing in the perpen-velocities are in m/s. These velocities are related to the elas-
dicular direction, reminiscent of the behavior of the electricaltic constants a&1=C,,=0v3, andC_ =C;=ov?. Note
conductivity of decagonal Al-Ni-C8**°> However, in the that the density enters into Eqs(2) only through the defi-
case of decagonal Al-Ni-Co, the resistivity is that of a mod-nition of the molar volume.
erately good metal for currents flowing in the crystalline di- The present sound velocitjelastic constantdata are
rection (along the ten-fold axjs whereas the present data for room temperature. Since theAl-Pd-Mn sound velo-
indicate that weak localization is significant to a greater orcities (elastic constanjs have only a small(negative
lesser extent for all current orientations §hAl-Pd-Mn. temperature-dependente ,=498(1) K as calculated for

Below approximately 4 K, the resistivities of both mate- 300 K corresponds to a minimu=0 value; the uncer-
rials show a slight upturn, with the temperature dependencesinty in @, results primarily from the uncertainty i (or
of the corresponding conductivitiegr=1/p) (not shown  C,,). The relative volume change from 0 to 300 ¥0.72%,
qualitatively consistent with the relation given by Chernikov from «(T)] and the magnitude of the (draisen parameter
etal,'? (1.88 can be usedsee below to estimate thelr =0 value,
00o=505(1) K, which will be compared with calorimetric
results in the following section. No RUS data were obtained
for the approximant because of the difficulty in obtaining a
completely dense cube of the required dimensions.

Table | gives a summary foirAl-Pd-Mn of ©y's that
have been calculated from published longitudinal and trans-

A RUS measuremefit determined the room-temperature verse sound velocities using Eq$2). Amazit and his
sound velocitiegelastic constanjsof a 4 mmcube of the collaborator$®?3?*used large single-grain samples and ob-
samei-Al,,Pd,1Mngg quasicrystal material that was used for tained velocity measurements from 300 to 4 K, while the
the C, and a« measurements. While time-of-flight velocity RUS data of Tanakat al2® were for 4 to 1073 K. These
measurements determine velocities along symmetry diredRUS 0O, results are estimated to have a systematic uncer-
tions, an RUS determination utilizes fits of the resonanceainty of less than 1.5% due to second phase effects, and a
frequencies to an elastic model for a large number of propaprecision of better than 0.5%. The differences in the values
gation directions in the sampl{@ this instance, 42 and thus  of the room temperatur®y's (including the present datare
gives direct information that is not available in other soundappreciably larger than can be implied from their precision,
velocity measurement§, or in neutron-scattering experi- and, qualitatively, vary inversely with the Mn concentration.
ments. The current results are consistent with the assumptiorhe correlation with atomic mass is less pronounced.
of elastic isotropy,?>*®with only two parameters requiredto ~ While an average value probably is not appropriate, the
fit the results. The parametefsalculated using the density magnitudes of®, at 300 K and 0 K are 4921) K and
0=4.86 g/cmi) are C;;=C,,=Cgy3=2.134(10)x 10" Pa,  504(10) K, respectively. This conclusion will be important
Cys=Css=Cge=0.6891(14)< 10" Pa, andC,,=Cy5=C,3  for discussing large dispersion effects@y for the present
=(C11—2C4y) =0.756(3)x 10" Pa. The major uncertainty samples. A puzzle is thah®,=0,(0 K)—0,(300 K) is
in these measurements is in the value of the longitusignificantly larger for the directly measured experimental
dinal modulus, C;1, 0.5%; the uncertainty inC,, is  data[+12(2) K] than the one that follows from the relative
0.2%. The resulting room-temperature adiabatic bulk moduvolume change and thgemperature independer@runeisen
lus is Bg=(1/3)(C11+2C1p) =[C11— (4/3)Cy4]=1.215(10) parametef7(1) K].
X 10" Pa, with the isothermal bulk modulusB+
=1.189(10)< 10* Pa*’ For the present purposes, these
elastic constantsound velocity data are important for cal-
culating the limiting,T= 0, value of the characteristic Debye  Low-temperaturex and C, data for most solids can be
temperatureP,.*84° @, is calculated from an average 0 K represented by power series that contain only odd powers of
sound velocity & T,28:49

rar]d for an isotropic quasicrystéwo sound velocitiesp
gnd a twofold degeneratey)

={(2.5142< 10 3)3(r/V ) v3{302+ (vr/v)%]}}, (20

o=0oy+aT’s, (1

C. RUS elastic constants

D. Representation ofa and C, data
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TABLE I. A summary of C,-related parameters from various references and from the present experi-
ments. Figures 6 suggest that the spin-glass contributions-AbPd-Mn become important forT
<11(1) K[T/®(<0.022(2). See the text for details.

(CF y Sample Comments
(K) (mJ/mol K?)
4553) 0.7491) Al;,PdbsMngz Cp. present£’, approximant
362(6) 0.40(12) i-AloPdy;Mng C,, Ref. 11
480(1) i-Algg Pthy Mng g US, 300 K(Refs. 18,2321
493(1) i-Algg Ph; Mng g US, 4 K (Refs. 18,23,24
5033) i-Al,gPchMng RUS, 290 K(Ref. 26
514(3) i-Al,gPchMng RUS, 4 K (Ref. 26
4981) i-Al7:Pd1Mngg RUS, 300 K, Present
505(1) i-AlPdyMngg RUS,T=0, viaI'§'
480(4) <0.4 i-Al7{PdhiMngg From Cyapq
0.2510) i-Al7{PdhMngg Mizutani(Ref. 5
N Debye-type behaviofdispersion effecs at low tempera-
alT=2, Agyi T2, (38 ture? For the lattice contributiorﬁ;'pat [n>1 in Eq.(3b)], a
n=0 3% deviation from a constar€2'/T* occurs near®y/10
N for the Debye function? 10.3 K for copper(Ref. 39,
C,/T= > Copiq T2, (3b) ®0=_345 K), 3.7 K for GaAs(Ref. 52,0,=345 K), 1.5 K
n=0 for zinc metal (Ref. 52,0,=327 K), and 0.84 K for the

present approximant®,=455 K, see the following sec-
tion). The fits of Eq.(3b) to the C,, data for the¢’ approxi-
'mant require five parameters for 1.38 to 10 K, seven for

The lead parametergy; and C;, generally are ascribed to
electronic contributions, witlC, = vy, the electronic specific-

heat coefficient, although, for amorphous solids, a Imeall.38 to 20 K, and ten for 1.38 to 30 K. The resultifig

term also has been associated with a distribution of tunne . .
ling state$ In most instances, higher-order terms are asso‘:ind C; values are internally consistent, and correspond to

. : . Aty . y=0.794(1) mJ/mol R and © g ,=455(3) K.
ciated with lattice propertlesdp ), with O, [Eqs.(2)] given One consequence of the above discussion is that the dis-

0
by” persion effects are difficult to predict in advance for the low-
@3=[(127%/5)rR/C3] temperatureC,, data, so Eq(3b) cannot be used reliably to
fit a limited range of “highT” data to obtain magnitudes for
=[1.944x 10° r(mJ/g mol K)/C3] K3, (4)  CyandCs. The number of terms and the accuracy of the data

] . o required for such an extrapolation probably are unrealistic in
whereR is the gas constant. Equatiof) has no significance practice.

for turjneling systems, where the“lattice” contributidDs Equations (3) suggest that at low temperatures(T)
often is 3§ppre0|ably greater than would be calculated fron[Cp(T)] be plotted asy/T (C,/T) vs T2 to obtainA; (C)
Egs.(2). and A; (C;z) from the intercept and limiting slope. This

The form of Eq.(3b) follows from the requirement that representation becomes unwieldy @s increases rapidly
the lattice DOS have the same values for positive and negggith increasing temperaturéeven for a Debye solid
tive energies! and should be valid over an appreciable tem-s5  more conveniently, the predominantly lattic®,’s
perature range upward; from 0 K. Equati(dih)) often is fit [C’lvat:CU(T)_ 4T] are ,represented as equivalent lf)ebye
et i ol he It o o ee ety o aCE atum af, O(7) i he Dy temperaure

Iy S P . gean prE\i\?hiCh, when used in the Debye relation fa@, (Cpepyer
cision of the data are limited. The extension of the fits toRef 50, will give the sameC, at that temperature 4
include higher-temperature datié available and the use of e 9 v P '
hE]her-order te_rm_s_ can result in (alight) increase inC, Cluat(T):Cv(T)—VT:CDebye{(@(T)/T]- (5)
(=1v) and a significant decreagacrease in C3 (0g). A
continuity in the slope between the low-temperature fit andA plot of ®(T) vs T then represents deviations of the data
the higher-temperature data is very important. from the Debye function, or the effects of dispersion; a de-

For a metal with only electronic and lattice contributions, creasing® represents an increasing positive deviatiorCof
C, and C4 should remain unchanged for a series of fits offrom Debye behavior. For most solidscluding those dis-

Eq. (3b) to the data that have a common initial temperaturecussed in a preceding paragrapB(T) initially is a constant
and increasing maximum values Bf(and number of terms, (®,), then, as dispersion becomes important, decreases with
determined by the precision of the datBlow important are increasing temperature to a minimufnear ®,/10 for fcc
the higher-order terms, or, equivalently, deviations fromand bcc solids and approaches a constant val,j at
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higher temperatures. The discussion @f results in Sec. 8prT T 9. SN IR I I
Il E includes examples of this behavior. @ is used in Eq. 7 LT 99:1%:19_ O L
(5) rather thanC,,, ©(T) will decrease with increasing at -
“high” T sinceC,<C,."" Inabaet al* have presented their
C, (corrected toC,) data using equivaler®’s. A similar,
usually smaller, effect occurs becaudealso will decrease
as the sample expands with increasing

In the quasiharmonic approximatiéfi?® the latticeC,’s
of similar solids should overlap when plotted V60 ,; that
is, C'vat(T/(i)o) for related solids. This is strictly true for De-
bye solids, but also, qualitatively, for more sophisticated lat-
tice dynamics models. Because of the strong temperature de
pendence oC, for T<®,, comparisons OCLat(T/O) for T (K
different solids are made most easily and sensitively through 140 T T T T
plots of /0, vs T/O,, where® is the equivalent Debye 120 ------ . S g _00,0{9;9‘,’ N
temperaturd Eq. (5)], and ®, is obtained from fits of Eq.  « - ‘ ‘

T (108 K?)

50 100 150 200 250 300

A Aa
ATAYAYE e

(3b) to the data, or from Eq<2). ~,—>_< 100 - SO AT
The representation af data using Eq(3a) is strictly for g 80

convenience, although the separation into electronic and @

other contributions is valid. As the following discussion will = 60 - ----<--- - -

show, the lattice contribution ta involves not onlyC,, but E‘l PP - o

also its temperature-dependent volume dependence throug
the Grineisen parameter. Hence, E§a) does not have the
same fundamental basis as E8b), and fits of it to« data A T T T
for various temperature ranges are not as consistent as thos 00 20 40 60 80 100
of Eq. (3b) to Cp,. T (K)

In the quasiharmonic mod&t*® the volume thermal ex-
pansivity (=3« for an isotropic solifl is proportional to FIG. 3. /T andC, /T vsT for the Al-Pd-Mn data. In Figs. 3-5,
C, 1V (C,/V), with the proportionality factor involving the (O) and(A) are the approximant and quasicrystal déta, -) and

isothermal bulk modulu8; (adiabatic bulk modulusByg)
and the dimensionless Greisen parameter;,
B=3a=I'(C,/B{V)=T(C,/BgV). (68

since C,/C,=Bs/Br.*" If independent(separablg contri-

(- - -) are the smooth representations of these datg, is a nor-
malization of the approximant data to those for the quasicrystal for
T>16 K, and an extrapolation foF<16 K.

I@'=—-dIn®y/dInV, O also can be calculated from
the volume (pressurg dependence of the sound velocities

butions (electronic, lattice, magnetic, etdo the thermody- Eqs. (2
namics of an isotropic solid can be identified, each contribul qsﬁ( ) ts of th , _
tion will have aC,; and al’; associated with it, and the 1 Ne results of the RUS experimeriB=1.189(10)

1 _ H _ — 6 3
individual thermal expansivities will be additive to give ~ <10° Pa,  Vp=(molecular weighte=9.40<10"° m’/
gmol] give (3B1V)q=3.35X 10° mJ/gmol for the quasic-

rystal at room temperature. Similar data do not exist for the
approximant, but a general discussion of the equations of
state of solid¥’ suggests that, to a first approximation, the

In this model, thd’; are functions of the volume dependence product B;V is a characteristic energy that should be the

of the characteristic energ®; , which is associated with the same for similar solids. In the following, we will assume that

contribution @, for the lattice, the Fermi Energy for free (3B1V)ap=(3B+V)q, independent of.

electrons, the Curie temperature for a magnetic system, etc.
with

B=2 Bi=32 =2 I'iC,/ByV. (6b)

E. @ and C, data

The actuale and C, data shown as a function df in
Figs. 3 and 4 have been normalized byto compensate
While values ofl" typically range from=1 to +4 (Ref. 48,  partially for the rapid temperature dependence. Above 140
' will have much larger magnitudes wheh has a large K, the approximania’s (aa,) showed long time constants
volume sensitivity, such as that associated with tun-and scatter, which most likely are associated with the sample
neling®**¢ The latticeI’; ,I''®", generally has a temperature inhomogeneities: the quasicrystalb (aq) were much more
dependence similar to that 6f(T), since the lattice modes consistent. While the approximant dai@) are systemati-
that are excited with increasing may have significantly  cally greater than those for the quasicrysta) down to 11

F|=3a,BTV/CU|=—d|n(I)|/d InV. (7)

different volume-dependences. By analogy waliT), F'OE"t
is the limiting, T=0 value of I'®(T), and, at highT,
'3t approaches a limiting constant valug!®'. Since

K, the slopes of bothwg/T and C,o/T begin to decrease
rapidly on cooling below this temperatu¢Eigs. 4, indicat-
ing the onset of the transition to a spin-glass state. The solid
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) - . FIG. 5. a/T andC, /T vs T for the Al-Pd-Mn data; the sym-
FIG. 4. See Figs. 3. In additio(®) are a smooth representation 415 and smooth relations are as in Figs. 3.

of the 8—18 K data and its extrapolatiom@ K from Ref. 11, with
(©) the actual data fol <9 K. reported for these x ray data are, respectivelyx18~%/K
(300 to 600 K, 1.44x10 %/K, and 1.316(8% 10 5/K (180
curves in Figs. 3—§—) represent approximant-based ex-t0 600 K average to be compared with the present
trapolations of the higher temperatusg, and C,q data to  1.29(1)X 107°/K. Unfortunately, no comparable x ray data
T=0 (@apo,Cpapo, See below Figure 4b) also shows the €xist for the approximant, where possibly (most likely) is
smooth fit to the 8 to 18 K quasicrystal, data from Ref. 11 ~ anisotropic. ) _
(®) and its extrapolation td=0 (Table |), as well as the Equations(3) suggest thex/T (C,/T) vs T plots of Figs.
actual dat& ¢) for T<9 K. The overall agreement between 5, where the low-temperature data show more scatter than
the presenC,q data(4) and those from Ref. 11 is satisfac- those for the higher precisiad,’s. The scatter invap below
tory. TheC,’s from 1 to 7 K asgiven in Ref. 14 are signifi- 4 K (approximately=10 “/K) is normal, but that forxg is
cantly larger than these, for reasons that are not understoo@xcessive. The smooth representations through the data
but which may be related to a greater Mn cont®fEhe C, ~ POiNts in Figs. 3—-8(- - -) for aap, Cpap; (= — - for aq,
data of Inabaet al® are somewhat smaller than the presentCpo] Were generated from power series fits to the déta.
C,’s for T<30 K, but are in essential agreement from 80 to While the low-temperatureq andC,q data in Figs. 5 are
108 K. Again, their sample composition is somewhat differ-inconsistent with Eqs(3) because of the spin-glass transi-
ent from ours. Wi et al'” report thatC,, data for polygrain  tion, both thea,,, andCpa,, data can be represented by Egs.
Al,gMngPd,; (1.6 to 18 K, Ref. 11 and single-grain (3)- Although it is not evident in Figs. 3-5, a close corre-
Algs MngPd, 5 (12 to 300 K samples coincide in the over- Spondence between the shapes of the approximant and qua-
lap region, which suggests that differences in Al and Pd consicrystalCp(T) above 15 K can be used to approximate the
tent are not significant above 12 K. These data also are cofower temperature, non-spin-gla€s,(T) for the quasicrys-
sistent with the present data to 108 K. tal. This shape similarity is evident in the equivaléh(T)

The presentag results can be compared with the [EQ. (5] plots of Fig. Ga), where®,,(T) (O) was calcu-
temperature-dependences (ifotropio x ray lattice param- lated fromC%4 ), and®o(T) was calculated using totél,o
eters given by Yokoyamaetal?® (300 to 600 K for data(A), since the spin-glass transition masks contributions
i-Al;PdboMn;o), Kupsch and Paufldt (15 to 300 K for linearinT. The rapid decrease il on cooling below 11 K
i-Al;o Pd; Mng o and Kajiyamaet al®! (10 to 700 K for  reflects the excespin glass C,q in Figs. 4b) and §b)
i-Al,;PdoMng). The relative lattice parameter changes(smaller®’s represent large€,’s). The closed circle®)
from 0 to 300 K for the latter two determinations are in below 20 K are®’s (©5) for the totalC,,, data] yo,=0 in
excellent agreement with the corresponding relative lengtlieg. (5)]. If yq were comparable tg,,, ®o(T) would re-

change from the present data, @80 °. The 300 Ka's  semble® ) between 10 and 20 K. Equivaledtcalculations
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© (K)

0/ B

(5)]; (O) approximant lattice(A) quasicrystal data(®) total ap-

mant data; this is consistent with the implication from Fig.
6(b) that the normalization slightly overestimated,aq
(Oap<0g) between 11 and 16 K. The relative agreement
between these two determinations@gq (and other results;
see Table)lprovides(an indirecj assurance that the fitting of
Eq. (3b) to theC,4, data and the extrapolation of this fit to
T=0 are reasonable. Unfortunately, we were unable to ob-
tain sound velocity data for the approximant.

The rapidity of the decrease 1, with increasing tem-

. ‘ ‘ . ‘ perature in Figs. 6, which is a measure of dispersion or non-
250 TR TR Debye behavior, is very unusual. For comparison, the re-
0 80 100 duced®’s for three typical materials, two of which have

large dispersion, also are plotted in Fighp These are a
L Lo ] typical cubic metalAl, ®,=447 K, as in Ref. 55; see also
' ‘ Ref. 56, the tetrahedrally bonded semiconductor GaAs
E (09=345 K, Ref. 52, and the anisotropic zinc metabg
E =327 K, Ref. 52 [see the discussion following Eg8) and
: ‘ . (4)]. A primary conclusion from Fig. @®) is that the approx-
T - imant, and, presumably, also the quasicrystal, show greater
' ‘ 3 dispersion effects on warming than has been reported previ-
""""""""""""" @ E ously for any material.
= Various dimensionless Gneisen parameter§, [Eq. (7)],
‘ : : ‘ 3 are plotted as a function df/® in Figs. 7, and are summa-
0'(?0(? S :)5' S— '10' a— '15' m— '20' s fized in Table Il, where correlations with other data are
' ) ' ' ' ' given. The extent of thg-axis in Fig. 71a) corresponds to the
T/ maximum temperaturénominally 108 K for the C, data.
The data points were calculated from Eg). using the actual
« data andC's calculated from the appropriate smooth re-

500

450

400

350 n A8800Q2T -
S 2YYY 500° : : :

300 F

FIG. 6. Temperature dependence of equivalent Debgel Eq.

- tot
proximant data(—) metallic aluminum. Inb), ®,=455 K for the  lation.I'q (A) and 'y (@) are calculated from the total

lat

approximant and 480 K for the quasicrystal; smooth values also arand C,, data for each, and's; (O) from the approximant

lat

shown for GaAs(x) and metallic zinc( ¢ ). The RUS valueﬁ)g'Q lattice contributions. The uppéi., curve(— — - is calcu-
=505(1) K, also is indicated. See the text for details. lated using the smooth lattice relations, with an extrapolated

using the form ofC,,, with varying y's suggest thatyg
>0.4 mJ/mol K probably would affect the shape @‘Q(TP «(T); note the “bump” inrl:; at 0.08 in Fig. 7a), which is

in

T=0 value,I'§y,=11.3.
These plots reflect sensitively the experimental scatter in

; ; e
Figs. 6. The result of the RUS experimentlog barely apparent at 35 K in Fig(&®, and the scatter of the's

=505(1) K, also is shown in Fig.(). Since the major com- lat

ponent in these materials is aluminum, equival@rd for the

lattice C, of this metal are included in Fig(#. The dimen-
s_ionless O/O,vsT/O) plotl of Fig. ab) provide; a quan- lated T2t | I t The | ot
titative test of the apparent similarity above 20 K in Figye ~ ated I'xp is relevant. The lowet— — - curve,I'y,, was

Th

below 0.01 in Fig. ). The small magnitudes af,,, and
C'paA‘p for T/0,<0.008(<3.8 K, Figs. 5 give meaningless

values ofF'Aag, for the « data, and only the smootlextrapo-

e choices of ®,,=455K (as above and @papo calculated from the totaks, and C, 4, relations. While the

=480(1) K[in absolute terms, 488) K] give a close cor- linear terms in the fits taxs, and Cpap give Toap="Llin
respondence between the two sets of data above approxi=3.38, a more reasonable graphical average through the data
mately 16 K. The normalize€,’s (Cpapo), shown ag—)  [Fig. 7(b)] givesI',=4.1(5). The fits toag andCpq give

in

Figs. 3b)—5(b), were calculated by replacing in the  the smoothq relation(- - -) that has a maximum at 0.45%

power-series representations f@,,, by Tx(455/480). K). Because of the spin-glass transitidrt! T'q cannot be

Cp

Apo reproducesC o from 16 to 108 K with a standard extrapolated below the present dataughly 1 K, orT/@,

deviation of 2%; the extrema are3%, and are systematic. ~0.002). Since the quasicrystal lattice contributionsatg
On cooling below 16 K [/0®,=0.033), C,q is slighty =~ andCpq are very small below 3 KFigs. 4 and 5 the low-
smaller thanCpapq (@ larged, with the C, difference  temperaturel’o should be that of the spin-glass state; a
changing sign and increasing rapid ¢ decreasingbelow  graphical average giveBspin gjass=6(1). Thels for the

11

K (T/0®,<0.02); see Figs. ®)—6(b). This onset of the two solids in Fig. Ta) are parallel from approximately 14 to

lat

spin-glass transition on cooling occurs at a higher temperal08 K (T/©,=0.03), withT"s,o=0.948[" 5, [(—) in Figs.

tur
be

e (11 K) than has been assumed previod&flf,but could 7] reproducingl’q from 14 to 108 K with a standard devia-
a function of the composition of the sample. tion of 0.8% and maximum differences af1.5%. The cor-
The T=0 RUS result® &, =505(1) K, is 5% larger than responding extrapolatefigx,o=10.7 probably is too small

®0apo=480(4) K from the normalization to the approxi- because of the systematic differences betwlégg, andI'q
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N o | e B e e L By s B e e e agreement with those in Fig(& (Table I). The difference
C ‘ ‘ ‘ ‘ ] between our 300 K RUS value 6f, (498 K) and its value at
85F B ] 0 K was estimated using Eq7) with the volume change
C ; ] from the ag data, dInV=-7.2x10"% and a constant
B0 R i J '=1.88, giving dIn®,=0.0135, or, A®=+7 K, and
ok : ] 0,(0 K)=505 K.
o5k @ E FApQ(—)inFig.7(b)canbeusedtoggtherwimpApQ
A ‘ ] an(_j Eq.(?) to callcula_te the smoothApQ that is shown as.the
pof X 700 D00 000 0+ 0 - -0 -« ] solid lines (—) in Figs. 4a)—-5(@), with the extrapolation
C LA 21— ] from 17 © 0 K giving an approximatexg(T) for the non-
C ‘ 1 ‘ ] spin-glass state. Between 17 and 1084, reproducesy
LR Tl Tl T S Sl Sl Sl Al i o with a standard deviation of 2%, is 5% larger at 27 K, and
0.00 0.05 0.10 T 0.15 0.20 025 39 smaller at both higher and lower temperatures.
12 ./9.0. A The large spin-glass contribution to the thermodynamics
L~ ‘ ‘ ] of the quasicrystal makes it impossible to obtain directly
GO _' from the present data a realistic estimate of the electronic
C ] contribution toCq. Mizutani? in a discussion of the role of
sk - the pseudogap in the electron transport of quasicrystals and
their approximants, gives in his Fig.(a} the relationship
=~ 6 T RONGTAR e - betweeny and the 300 K electrical resistivitip) for these
A . materials,
i A E
B S . In(p/ wQ cm)=2[1—In(y/mJ/mol K?)]. (8)
S S S O S B The anisotropic room-temperature resistivities for the ap-
0.00 0.01 0.02 Yo 0.03 0.04 005 proximant[Figs. 2b)] and this relation givey's [0.57 (L),
0

0.73(|) md/mol K?] that are somewhat less than the experi-
mental value (0.794 mJ/molK but which are within the
scatter of his correlation. If the assumption is made it#slt
Pd-Mn also is a member of this familyo=1570 () cm at
room temperature correspondsytg=0.25 mJ/mol K. This

is consistent with our earlier statement that the data plotted
in Figs. 6 probably would reflect the existence of anly if

its magnitude were greater than 0.4 mJ/mal Rreviously,
extrapolations of high-temperatu, data toT=0 gave
¥0=0.40(12) (Ref. 11 and ~0.25 (Ref. 14 mJ/mol K&

We cannot estimate the magnitude or sign of the correspond-
ing linear term in the expansivity.

FIG. 7. Grineisen parameterd’) for the Al-Pd-Mn data. The
symbols are as in Figs. 6, wilh—) smooth representations bfy,
(both lattice only and total and (—) a smooth representation of
I'q. (—) is a smooth normalizatior; 5pq, 0f I'q to I's,. See the
text for details.

from 0.025 to 0.012 in Fig. (). The small incertainty in the
values ofB;V that are usedEq. (7)] does not affect quali-
tatively the scaling betweelig andl" 5.

An extension ofl’g from 108 to 300 K usingC,'s from
Inabaet al™® (not shown gives I'o=1.8§2), independent
of T, in good agreement with Fig.(& (Table I). Kajiyama
et al®! have combined theirAl-Pd-Mn x ray expansivities
with C, data from Inabaet al™ and the elastic constants
of Tanakaet al® to calculatels from 20 to 350 K, which
are approximately temperature independent, and are

IV. SUMMARY

. The initial objectives of these experiments were twofold.
he first was to obtain high sensitivity low-temperature lin-
ear thermal expansivityo) data for a quasicrystal, and, the
second, to estimate “normal” latticénon-spin-glassther-
modynamic properties fdrAl-Pd-Mn. Because of the range
of stoichiometries reported for for these materidls, data
also were obtained for the expansivity samples. Figures 3-5
give a(T) and C(T) for a large single-grain sample of

TABLE Il. Values for the limiting Gruneisen parametef§’, Eq.
(7)], which follow from the presen& andC, data fori-Al-Pd-Mn
(Quas) and its¢’ approximantAp), and other determinations. See
the text for details.

r Quasi Ap Comments : e
i-Al7;PdMngg (g ,Cpg), as well as those for a similar
re 10.7 11.3 Fig. T). sample of its A},PdsMng; & approximant @a,,Cpap). In
r. 1.883) 1.982) Present, 100 K, Fig.(3). Figs. 4 and 5, the behaviors ef,, andCy,,, are “normal”
I. 1.892) 100-300 K, present, [Egs. (3)], with y,,=0.749(1) mJ/molR and Oga,
C, from Ref. 15 =455(3) K. As expected from magnetic measuremékFits.
r. 1.8 200-300 K, Ref. 31 1), the approximant shows no magnetic contributions. The
Ciin 4.505) Graphical, Fig. ) relatively large value ofya (compared with coppé?) and
T qpinglass 6.0(10) Graphical, Fig. 7). the large electrical resistivitigFigs. 2 suggest the existence

of a pseudogap that is characteristic of quasicrystals and re-
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lated materialS. For the quasicrystaleqg and Cpq clearly  where®,=355 K and must increase to over 500 K at 0 K.
show the effects of the spin-glass transitioH below 11 K, Walti et all” have suggested from an extrapolation of 18
a temperature that is somewhat higher than has been pregs 8 K C, data to lower temperature[Fig. 4(b)] and from
posed previously,** but, as with othei-Al-Pd-Mn proper-  neutron-scattering resutf! that %5 below 10 K is signifi-
ties, could be dependent on sample stoichiometry. cantly greater than the one that would be calculated from the
The relative 0 to 300 K length changes calculated fromsound velocities and that this excess is nonacoustic in origin.
aq are consistent with those from x ray lattice parameterrhe |arge dispersion effects displayed by the present data
data’>! The presentxa, are for a single sample oriented (which presumably are a property of the quasicrystal lattice
parallel to the[010] axis. Figures 2 show that the resistivity gre consistent with and offer an explanation for their obser-
of the approximant is anisotropic, and it is highly probablevations, with the experiment&l'paé~45 mJ/mol K at 10 K,
that aap also will be anisotropic. Thevap and'ap results  t pe compared with 15.5 mJ/mol K from the Debye model.
that are presented here are for this sample orientation only;pe origin of this large dispersion is not clear, however,
and the analysis is highly oversimplifiéd. __ since inelastic neutron scattering datare consistent with
The solid lines in Figs. 3—5 represent normalizationsmeasured sound velocities and show dispersion only at ener-
of the approximant data to those of the quasicrystal folgies(>1.5 TH2), which are much larger than would be con-
T>16 K (aapgandCpapq), Which extrapolate the non-spin- sstent with the preser@, results <10 K, or <0.2 THz).
glassaqg andCpq t0 T=0. Cpap(T) follows from the re- e generalized vibrational density of stat@/DOS)(Ref.
duced equivalen® plot of Fig. 8b), where the experimental 1) that follows from a thermal neutron energy loss scatter-
©0ap=455 K and ©apo=480(1) K give a good corre- g oyneriment assumes a Debye DS dispersionfor an

spondence between the quasicrystal and approxir@gist o anojation from 8 meV(2 THz, 100 K to 0; the extrapo-
for T/©¢>0.036(16 K). The Cpj, relations[Eq. (5] then,  15i0n was not adjusted to agree with sound velocities in the

) PAD
with Tapq= T (455/480), generat€yapq- low-energy limit. The present large dispersion effects unfor-

8}22505(1) K for the same material from RUS sound nately exist at energies that are inaccessible to the INS and
veIOC|t|es[Eq_s.(2)],_ vs 4BQ K_from the normalization, and gypos neutron-scattering investigations. Comparablg
the systematic deviations in Figi between 0.02 and 0.03, (415 fori-Al-Cu-Fe (Ref. 589 show dispersion similar to that
suggest that the normalization breaks Fiown slightly at lowg, i.AlPdMn and its& approximant, which suggests that
temperatures, and that the extrapolation @fapq below  this may be a common quasicrystal property. The existence
0.036 (16 K) will overestimateC g (©apq<®gq). A COM-  of 5 Jow-lying optic mode probably is ruled out by the con-
parison with other ultrasonic elastic constant determinationgjstent values ofy and @, from fits of Eq.(3b) to theC
of ®(q (Table ) indicates a dependence on quasicrystal stogata(see the discussion in Sec. I1)D
ichiometry, with, qualitatively® o= 504(10) K. INS data are taken mainly in the vicinity of strong Bragg

No direct means exist for determining the magnitude ofreflections and along paths in reciprocal space towards an-
an electronic contributionyqT) to Cyq. If yo were com-  other strong reflection for either the twofold or fivefold
parable in magnitude withya,, ®q(T) would resemble axes?°it is these results that show agreement with the ultra-
O aptoT) (@) in Figs. 6; sinced o(T) behaves “normally”  sonic data to relatively high energiés THz, 100 K before
down to 11 K, the valug/q~0.25 mJ/mol K, which follows  nonlinear dispersion effects occur. The shapes of the higher-
from the 300 K resistivityy correlation proposed by energy transverse acoustic dispersion relations depend sig-
Mitzutan? is reasonable. This would give a slight increase innificantly on the direction from the Bragg point in which the
Cpapo/T in Figs. 4b) and §b). Again, it is probable that data are takef A possible resolution for the inconsistency
spin glas&’ and electronic, as well as lattice, contributions to petween theC, and neutron-scattering results is that the
the quasicrystal thermodynamics depend on the stoichiomyreat number of phonons that are associated with much
etry. While the(extrapolatedi lattice contribution toC,Q is  weaker Bragg reflections and directions away from the two-
of the order of 10% at 3 KFig. 5(b)], its relative importance fold and fivefold axes will show nonlinear dispersion rela-
decreases rapidly at lower temperatures. tions at much lower energies than those reported in Ref. 20,

Figure Gb) shows tha®) 5,/ O, decreases more rapidly and will be responsible for the large dispersiorGp. Gold-
with increasing temperaturéshows greater dispersion, a manet al,*® in an INS study of phonons it and R-phase
more rapid deviation from the Debye functiotian alumi-  (crystalling Al-Cu-Li, discuss whether or not phonons exist
num metal(a typical cubic meta) GaAs(a typical tetrahe-  off-major symmetry directions in icosahedral solids, and find
drally bonded soligd or zinc metal(a typical anisotropic slight differences between the quasicrystal and closely re-
meta). This conclusion depends on the validity of Egb) to  |ated crystalline materials. Quilichini and Jan8én a sum-
represent theC, 5, data and for the extrapolation ©=0.  mary of theoretical results for phonons in quasicrystals imply
While the lack of a suitable sample prevented an RUS detethat very little is known about very low-energy phonon ex-
mination of the approximant sound velocitie@XAp), the  citations in quasicrystals in low symmetry directions.
relative agreement between the ultrasonic and normalized The temperature dependence of tladtice) Gruneisen pa-
values of ®yq suggests tha®o,,=455(3) K is not seri- rameterdEq.(7)] in Figs. 7 reflects the relationship between
ously in error. A similar®4/0(q Vs T/ relationship is  a,, andag . The shapes and magnitudesIOt'(T) in Fig.
expected for the quasicrystal, sin€gq(T) in Fig. 6@) 7(a) are normal for both solids, witF'a approximately in-
shows “normal” behavior down to 11 KT/®,=0.02), dependent of temperature above 0(@8 K); this behavior

PAp
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for I' continues to 300 K when the Cp’s of Inabtal®are  temperatures, would be small fax, but relatively large for
used(Table 1). In Fig. 7(b), [ has a(spin-glass related The increase " with decreasing temperature is continu-
maximum near 0.01, whil& g} continues to increase with 24S and smooth, beginning near 30 K, and it is difficult to
decreasing temperature to aextrapolatesl 0 K value foresee the tunneling effects at these relatively high tempera-
(F'O"ﬁp: 11.3) that is unexpectedly large. Above 13 K tures.
(0.029, I'q and '3 have very similar shapes, arfthpo
=0.94d"% (—) reproduces thd'q data very well.l'g is
systematically larger thaki,,q between 0.027 and 0.012, so  Figures 6 and 7 summarize the present dataifai-
the extrapolationd 0 K usingI’ 5, probably underestimates Pd-Mn and its¢’ approximant. The major conclusion is that
the actuall“'S“(T). The increase with decreasing temperaturethe lattice properties of both materials show very strong dis-
of bothI"g andI' 4, below 30 K(0.06 reflects significantly  persion effects; that is, fo€,, deviations from the Debye
different temperature dependences doand forC,. Thisis  model occur at an unusually low temperatdbelow 1 K),
apparent in Figs. 5, especially for the quasicrystal, wheravhile the Gruneisen parameters, which reflect the volume
Cpap/T shows “normal” behavior(upward curvatureT®  dependence of lattice frequencies, also show an unusual tem-
term>0), while a5, /T has a downward curvaturd{ term  perature dependence and, for the approximant, large magni-
<0). These shape differences persist beyond 20 K for botkudes below 6 K. The onset of the transition to a spin-glass
materials, and result in the increased'¢T) with decreasing state T;<1.8 K) dominates the quasicrystal, not the approx-
temperature and th@xtrapolateji large value of' % . imant, thermodynamics below 11 K, but a close similarity
The lowest-temperaturEy’s in Fig. 7(b) (<0.01 or 5 K between the quasicrystal and the approximant data above 16
correspond to those for the spin glass, Willpingiass K allows an extrapolation_of the quasicrystal _data to lower
:6(1) Thesource of the excess Scatter% (FQ) is not temperatures IEO approximate the non-.spln—glass state.
known. The relation FApQ=O.948F',f,§ and the smooth Neutron-scattering results show that dispersion effects

Cpapo Were used with Eq(7) to extrapolatea'gt(T) below Should occur only at relatively high energiend tempera-
13 K (—) in Figs. 4 and 5. tures, quite the opposite from the conclusion from dDg

data. The answer may lie in the behavior of very low energy,
off-major symmetry, quasicrystal “phonons” that cannot be

studied with current neutron-scattering techniques. Although
c@'f RUS measurementSec. Il O show that elastic waves

that most likely are associated with relaxation efféétheir '€ propagated in all directions in the quasicrystal, a legiti-
mate question is to ask whether or not phonons, as defined

h|gh-prgssure asymptotlc results are consistent W@jp for crystalline media, also exist for all directions in a quasi-
~2, which is appreciably smaller than we obsef#€l0). crystal

Their measurements were taken along major symmetry di- '
rections, however, and to resolve the dispersion inconsisten-
cies between calorimetric and neutron data we have postu-

lated quite different properties for off-major symmetry  The authors wish to express their appreciation to Profes-
direction phonons. sor J. C. Lasjaunias for considerable correspondence and

Another possibility is that our largé gy, is associated suggestions, and to Professor Alan Goldman for suggesting
with the tunneling that has been observed in othetthe potential importance of very low energy phonons to ex-
studies:>*>**Tunneling should, however, be reflected in theplain the C,-neutron-scattering inconsistencies. We would
I" which is associated with the linear termsdp, andCpap,  like to thank M. J. Foley and N. D. Kelso for help in sample
and which is a relatively “normalT';,=4.1(5). Tunnelling  preparation and V. Foureefor compositional analysis of the
could make a relatively smallinear in T) contribution to ~ Al-Pd-Mn & approximant. This manuscript has been au-
Cp, Which, with a very largd’, could have a proportionally thored by lowa State University of Science and Technology
large effect ona. There is, unfortunately, no way of sorting under Contract No. W-7405-ENG-82 with the U.S. Depart-
out the existence of such a third contribution, which, at lowment of Energy.

V. CONCLUSIONS

Equations(2) and(7) relatel“'oat to the volume(pressurg
dependence of the sound velocitigdastic constanjsthat
have been reported by Amazit al'®2* Unfortunately, their
results show frequency and nonlinear pressure dependen
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